Abstract. Emetine, a natural alkaloid from Psychotria ipecacuanha, has been used in phytomedicine to induce vomiting, and to treat cough and severe amoebiasis. Certain data suggest the induction of apoptosis by emetine in leukemia cells. Therefore, we examined the suitability of emetine for the sensitisation of leukemia cells to apoptosis induced by cisplatin. In response to emetine, we found a strong reduction in viability, an induction of apoptosis and caspase activity comparable to the cytotoxic effect of cisplatin. Moreover, emetine had an additive effect and increased cisplatin-induced apoptosis. Mechanistically, we demonstrate by DNA array analysis that emetine alone or together with cisplatin down-regulates several anti-survival genes and up-regulates several pro-apoptotic signalling molecules along with other effects on signalling. These data show that emetine is a strong inducer of apoptosis in leukemia cells and could be a suitable cytotoxic drug alone or in combination with other chemotherapeutics to sensitise leukemia cells to apoptosis.
Introduction
Ipecac [Psychotria ipecacuanha (BROT.) STOKES., synonym Cephaelis ipecacuanha (BROT.) A. RICH., Rubiaceae] is a traditional herbal medicine, which was introduced to western medicine over 300 years ago. Ipecac syrup has been used for decades as an emetic for the treatment of patients who ingested poisons, especially in dealing with intoxications in children. The pharmacological activity of ipecac syrup is caused mainly by two isoquinoline alkaloids, emetine and cephaeline, having identical effects regarding the irritation of the respiratory tract (1) . Nowadays, ipecac syrup is no longer recommended for the routine use in the management of poisoned patients (2) and recently a guideline on the use of ipecac syrup was published, stating that 'the circumstances in which ipecac-induced emesis is the appropriate or desired method of gastric decontamination are rare' (3) . Moreover, at present there is a demand to remove ipecac from the overthe-counter category due to potential abuse especially in persons with eating disorders (4) .
The alkaloid emetine and its derivative dehydroemetine have been used as an antibiotic in the treatment of severe amoebiasis, provoked by the protozoon, Entamoeba histolytica. However, due to severe side-effects such as cardiac damage and muscle weakness (5, 6) , emetine is today replaced by the chemotherapeutic, metronidazol. The cytotoxicity of emetine is due to the inhibition of protein biosynthesis in eukaryotic ribosomes (7, 8) and the interaction with DNA (9) . There are certain publications suggesting the induction of apoptosis by emetine in U937 (10, 11) , A549-S cells (12) , and rat hepatocytes (13) . Thus, emetine could be a suitable cytotoxic agent in cancer therapy, e.g. to overcome multidrug resistance or to take advantage of synergistic effects in order to minimize side-effects due to the high dosage of other cytotoxic agents. Evidence of emetine's activity against tumor cells first came to light in 1918 (14) , and its use in phase I and II clinical cancer trials began over 30 years ago (15) (16) (17) (18) (19) . To our knowledge, only one study was performed analyzing emetine in co-treatment with another chemotherapeutic. Here, patients with lung cancer were treated with 1.5 mg per kg emetine and 8 mg per kg cyclophosphamide, and 'each of these six diverse cases has shown a definite response to this combined therapy' (20) . Nevertheless, emetine disappeared from the scene of cancer therapy by 1975.
In this study, new results were obtained suggesting the suitability of emetine for the co-treatment of leukemia patients. We investigated the combined effects of emetine and an alkylating substance, the very potent and well established chemotherapeutic, cisplatin. Emetine substantially reduced viability, induced apoptosis and activated caspases in a human ONCOLOGY REPORTS 18: 737-744, 2007 
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The alkaloid emetine as a promising agent for the induction and enhancement of drug-induced apoptosis in leukemia cells leukemia cell line. Moreover, emetine enhanced the cytotoxic effect of cisplatin when used in combination. Employing gene array analysis, we compared the effects on gene regulation of emetine or cisplatin alone as well as both substances together, and revealed new information on the underlying molecular mechanisms. Emetine itself induces the expression of several pro-apoptotic genes along with the inhibition of pro-survival factors and increases the pro-apoptotic gene expression of cisplatin when used in combination. Thus, our results suggest emetine to be a promising therapeutic agent for the treatment of leukemia cells.
Materials and methods
Materials. Culture media and supplements were obtained from Gibco (Invitrogen, Karlsruhe, Germany), fetal bovine serum (FBS) was purchased from Biochrome (Berlin, Germany), and fine chemicals and test compounds were provided by Sigma-Aldrich (Taufkirchen, Germany). Stock solutions of emetine were prepared with distilled water and cisplatin was dissolved in DMSO. Stocks were stored at -20˚C and diluted 1:10 in cell culture medium before the addition to the cells.
Cell cultures. Jurkat T-cells were obtained from the German
Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany) and maintained in RPMI-1640 medium, supplemented with 10% heat-inactivated fetal bovine serum (FBS), 2 mM glutamine, 100 units/ml penicillin, and 100 μg/ml streptomycin at 37˚C in a humidified atmosphere of 5% CO 2 in 75 cm 2 culture flasks (Greiner bio-one, Frickenhausen, Germany). Bcl-2 over-expressing leukemia cells (J16-bcl2) and caspase-8 deficient cells (Jurkat-Δcasp8) were obtained from Dr H. Walczak (DKFZ, Heidelberg) and were cultivated in the same way.
Cell viability assay. To determine cell viability cells were seeded in a density of 20,000 cells per well in 96-well plates, and incubated for 24 h before the addition of the drugs. Jurkat cells were incubated with or without the test compounds for 24 and 48 h, and analyzed by MTT assay according to Mosmann (21) . In brief, MTT was added to each well (0.5 mg/ ml) and incubation was continued for 4 h. MTT-formazan products that are an indicator of cell viability, were dissolved in 50% 2-propanol containing 0.02 N HCl, and absorbance was recorded at 560 nm in a plate reader (Wallac Victor Multilable Counter, Wallac, Freiburg, Germany). Cell viability was calculated relative to the untreated controls.
Flow cytometry analysis. Cell death was determined by a drop in the forward scatter (FSC)/side scatter (SSC) profile, and apoptosis was detected by the measurement of DNA fragmentation according to the method of Nicoletti et al (22) . Proliferating Jurkat T-cells were incubated with or without the test compounds for 24 or 48 h. After harvesting and centrifugation, the cells were suspended in PBS and analyzed subsequently using a flow cytometer (FACSCalibur, BD, Heidelberg, Germany). Alternatively, after washing with HBSS the cells were incubated in propidium iodide stainingbuffer (0.1% Triton X-100, 0.1% sodium citrate, 50 μg/ml propidium iodide in HBSS) for several hours or overnight and than analyzed by flow cytometry (B). Data analysis was performed using CellQuest software.
Caspase activity assay. The activity of caspase-3 in Jurkat Tcells was analyzed using a fluorogenic caspase substrate as described by Umansky et al (23) . In brief, Jurkat cells were incubated with or without emetine (0.5 μM), cisplatin (7 μM), or both for 6, 8, 12 and 24 h. The cells were harvested, washed with ice-cold PBS and about 107 cells were resuspended in 100 μl freshly prepared lysis buffer (10% saccharose, 100 mM HEPES, 1 mM EDTA, 0.4% CHAPS, 5 mM DTT, 10 μg/ml leupeptin, 10 μg/ml aprotinin). Lysis was performed at room temperature for 15 min, the samples were centrifuged at maximum speed and the supernatant was stored at -20˚C until further analysis. An aliquot was used for the determination of the protein concentration with the BioRad Protein Assay (Bio-Rad Laboratories, München, Germany) in a plate reader Titertek Multiskan Plus MKII (Labsystems, Helsinki, Finland) at 595 nm. The samples were diluted to 2 mg/ml protein with lysis buffer. Ten microliters of the test solution were mixed with 20 μl substrate solution (129 μM Ac-DEVD-AMC in lysis buffer) and incubated at 37˚C. Fluorescence was measured after 15, 30, and 60 min in a plate reader (Wallac Victor Multilable Counter), and four replicas were performed for each sample (355 nm Ex., 485 nm Em.). The time-dependent gradients of these three measurements were calculated, and the ratio of the curve slopes sample versus the control was determined. Resulting data are values for caspase activity.
RNA isolation and filter hybridization. Total RNA from 3x10 7 Jurkat cells was isolated with the RNeasy Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. The quality and purity of the RNA were checked via gel electrophoresis, the concentration was measured spectrophotometrically, and isolated RNA was stored at -80˚C. RNA samples form Jurkat cells left untreated or treated for 24 h with cisplatin (7 μM), emetine (0.5 μM) or both, were hybridized to membranes spotted with 1,066 genes involved in apoptosis regulation, signaling and immune response (24) . The list of genes is available upon request. Hybridization was repeated six times, and the relative difference d(i) in gene expression with respect to the untreated control cells was calculated by SAM. Statistical analysis was performed to determine significant changes in gene expression with an FDR ≤ 5% (25) .
Semi-quantitative real-time PCR.
Total RNA from Jurkat cells was extracted as described. RNA samples were treated with DNase (DNA-free, Ambion) according to the manufacturer's instructions. First strand cDNA synthesis was performed according to the protocol of the Reverse Transcription System (Promega Corporation, Madison, USA) with oligo(dT) 16 primers (Pharmacia Biotech, Uppsala, Sweden). Quantification of DAXX and AKT1 m-RNA was achieved by real-time PCR using SYBR-Green I (2x) in a PCR-Mix containing 200 μM dNTP, 200 nM primer, 10 mM Tris-HCl, 50 mM KCl, 1.5 mM MgCl 2 , 0.5% Triton X-100 and 1 U Taq-Polymerase with the Opticon 1 (MJ Research, Waltham, USA). CT values were read at the moment of logarithmic amplification and relative quantification was obtained with the help of a standard curve. ß-Actin was used as a housekeeping gene, and the relative expression of the target gene was set to 1 in the untreated cells. Data are means of four assays performed in duplicate. Primer sequences are given in Table I .
Statistical analysis. The effects of emetine or cisplatin alone or in combination were compared to the untreated controls; significance was assessed using an unpaired Student's t-test; a P-value <0.05 was regarded as significant.
Results
The human leukemic T-cell line, Jurkat, was incubated with emetine (0.5 μM), cisplatin (7 μM) or both together in order to determine the influence of emetine on the cytotoxic effect of cisplatin. The concentration of emetine corresponded to the ED 50 value that we have previously determined in our laboratory (data not shown).
After 24-and 48-h incubation, the viability of the Jurkat cells was analyzed with the MTT assay. After only 24 h emetine exhibited a substantial inhibition of cell growth and a reduced viability of about 20% relative to the control. In contrast, cell viability was 80% after treatment with cisplatin for the same amount of time. The application of both drugs together increased the cytotoxicity of emetine slightly but not significantly (Fig. 1) . However, while the reduction in cell viability by emetine was still higher than by cisplatin after 48 h, the combined treatment with both substances caused a complete loss in cell viability.
Similar results were obtained by analyzing cell death by flow cytometry 24 and 48 h after treatment. Treatment of the cells with cisplatin or emetine alone was followed by a significant drop in the FSC/SSC profile (Fig. 2) indicating cell death. Moreover, the combined treatment with cisplatin and emetine led to enhanced cell death at both time-points. These data demonstrate that emetine alone is a potent cytotoxic agent in leukemia cells and the combination with cisplatin leads to a significant decrease in cell viability and increased cell death after incubation for two days.
To analyze the mode of cell death in depth, we determined cellular changes typical for apoptotic cells. The incubation of the Jurkat cells with emetine or cisplatin was followed by a significant increase in DNA-fragmentation 24 and 48 h after treatment (Fig. 3) , as demonstrated by the increasing amount of cells with sub-G1 DNA content. Both agents together significantly increased apoptosis after 24 h while emetine only slightly increased the relatively high apoptosis rate of 70% induced by cisplatin after 48 h. These findings confirm that leukemia cells treated with cisplatin and emetine die by apoptosis and they also demonstrate that the loss of viability induced by emetine is at least partially due to the induction of apoptosis.
In order to gain information concerning pathways involved in apoptosis induction, we analyzed two additional cell lines via flow cytometry. In the J16-bcl2 Jurkat cell line, the intrinsic, mitochondrial pathway is blocked by the overexpression of the anti-apoptotic protein, bcl-2. Jurkat-Δcasp8 cells are deficient in the activation of the death receptor pathway due to the lack of the initiator, caspase-8. As can be seen clearly from Table II , there is almost no difference in cell death induction between the control cells and the cells deficient in caspase-8, whereas bcl-2 over-expressing cells ONCOLOGY REPORTS 18: 737-744, 2007 Table I. Primers for quantification of DAXX and AKT1 mRNA relative to the housekeeping gene, ß-Actin, via real-time PCR. Figure 1 . Reduction of cell viability by emetine. Jurkat cells were left either untreated (CO) or were treated with emetine (EME, 0.5 μM) cisplatin (CIS, 7 μM) or both agents together (EME + CIS). After 24-and 48-h incubation viability was measured by MTT-assay. Data obtained for the untreated control cells were set to 100%. Data are means ± SEM of three independent experiments performed in four replicates (n=12).
show a clear resistance to cisplatin and emetine-induced cell death, which was not influenced during co-treatment with both cytotoxic substances. Thus, the induction of apoptosis by both agents clearly depends on the activation of the intrinsic apoptosis pathway.
In order to determine other features of apoptosis induction by emetine, we treated Jurkat cells with emetine, cisplatin alone or in combination for 6, 8, 12 and 24 h and determined the activity of caspase-3. While emetine lead to an increased caspase activity as early as 6 h after treatment, cisplatin treatment induced a higher caspase activity 24 h after exposure. However, the combination of both drugs at 24 h dramatically increased caspase activity to a higher percentage than the one found for each agent alone (Fig. 4) . These findings correlate well with the faster induction of cell death by emetine and further demonstrate that both agents induce typical apoptotic changes in leukemia cells.
The mechanisms by which emetine influences apoptosis and proliferation are not well understood. Therefore, we examined Jurkat cells by DNA array analysis. Cells were exposed to emetine and cisplatin -either alone or in combination for 24 h. After controlling the quality of isolated RNA, the RNA was hybridized to nylon membranes containing specific PCR products of 1,066 cDNAs of human genes, involved in apoptosis, signaling and immune responses. Treatment with emetine in the presence or absence of cisplatin induced the cell type specific regulation of several sets of genes involved in signaling such as kinases, transcription factors, growth factors and others. Selected proapoptotic, anti-apoptotic and other genes involved in signaling are presented in Tables III and IV . The complete list of differentially regulated genes will be published within a doctoral thesis (26) and is available upon request. The observed regulation of members of the bcl-2 family, caspases, death adapter molecules, death receptors, death ligands and other death molecules in an anti-apoptotic and pro-apoptotic manner could be responsible for the cell type specific signaling. Altogether 230 out of 1,066 genes were differentially regulated compared to the untreated control cells. Thirty-six showed a correlated regulation for cisplatin and emetine (33 up, and 3 down), amongst them toll-like receptors 1, 2, and 4, tumor necrosis factor superfamily members, as well as some apoptosis relevant genes such as AKT1 and CASPASE-8. Notably, other members of the caspase family are differentially regulated: Cisplatin induced the up-regulation of CASPASE-4 and -7, emetine led to the up-regulation of CASPASE-9. The effector-caspase-3 was up-regulated only in cells that were treated with both cisplatin and emetine. This effect could explain the additive caspase-3 activity after incubation for 24 h. Cells treated with cisplatin alone showed an upregulation of 48 genes and a down-regulation of 67 genes. Emetine caused an up-regulation of 109 genes and a downregulation of 16 genes. The combined treatment lead to an up-regulation of 120 genes and a down-regulation of only four genes. The regulation of gene expression mainly relates to the activity of emetine (>75%) while only about 3% can be ascribed to cisplatin activity. The complete data including fold induction and the accession numbers of the genes are available upon request.
In order to verify data obtained by the DNA array we determined the expression level of two differentially regulated genes involved in apoptosis signaling. Data are presented in Table V . AKT1 is a serine/threonine kinase (protein kinase B) serving as a regulator for survival by inactivating caspase-9 and Bad (27) . DAXX is a death domain associated protein that acts as a player in CD95-signalling and has anti-apoptotic properties as well (28) . For AKT1, we showed a significant up-regulation on the mRNA level, but only for the combined treatment with emetine and cisplatin and not after treatment with each substance alone as expected from our filter experiments. Regarding the DAXX expression, a significant up-regulation was confirmed for treatment with emetine alone as well as in combination with cisplatin, supporting the data obtained by DNA array.
Discussion
Emetine, the main alkaloid of ipecac and a frequently used protein biosynthesis inhibitor in eukaryotic cells was studied as an anti-cancer agent over 30 years ago (NSC-33669). These trials did not lead to clinical application. In the present study, we investigated the cytotoxic and apoptosis inducing properties of emetine in the co-treatment with the well defined anti-cancer agent, cisplatin.
Emetine has been previously reported to induce apoptosis in different human cancer cell lines. This was confirmed by our results showing DNA fragmentation in Jurkat T-cells after incubation with 0.5 μM emetine for 24 h. This concen- Table II . Cell death (%) detected via forward/side scatter analysis after 24 and 48 h in three different cell lines. ----------------------------------------------------------------------------------------------------- Presented data are means ± SEM of three assays performed in triplicate. CO, untreated control; CIS, cisplatin; EME, emetine; CIS + EME, treatment with both substances.
- Figure 4 . Emetine induces caspase activity and further enhances cisplatininduced caspase activity. Jurkat cells were treated as described in Fig. 1 and the activity of caspase-3 was measured with a fluorogenic caspase-3 substrate. Cells were treated with emetine and/or cisplatin for 6, 8, 12, or 24 h. Cell extracts with defined protein concentrations were incubated with the fluorogenic substrate, fluorescence was detected after 15, 30, and 60 min, and the time-dependent gradients of fluorescence activity were calculated for each sample. In each case Rtration is lower than the concentrations reached when patients were treated for severe amoebiasis with 1 mg emetine per kg, with a maximal dose of 60 mg. Application of ipecac syrup to a poisoned adult leads to an intake of about 42 mg emetine, assuming a dose of 30 ml ipecac syrup and an alkaloid content of about 1.4 mg per ml (29). Blood levels of emetine are rarely available, and only one case report describing the intoxication of a 4-year-old child by the chronic administration of ipecac syrup stated an emetine concentration of about 1 μM (500 ng/ml) in the blood (30) . In the course of the clinical trials with emetine as an anti-cancer agent the doses were even higher; a single intravenous dose of up to 1.5 mg/kg twice weekly was tolerated (15) . Table III . Expression of selected pro-apoptotic and anti-survival genes in Jurkat cells after treatment with emetine alone, cisplatin alone or in combination. receptor superfamily, member 6 TNFRSF9 CD137, tumor necrosis factor receptor superfamily, member 9 --
CIS, cisplatin; EME, emetine; ↑, up-regulation; -, unchanged expression.
- Table IV . Expression of selected anti-apoptotic and pro-survival genes in Jurkat cells after treatment with emetine, cisplatin alone or in combination. Tumor necrosis factor (ligand) superfamily, member 13, -
CIS, cisplatin; EME, emetine; ↑, up-regulation; ↓, down-regulation; -, unchanged expression. Table V . Relative quantification of gene expression of the selected genes was performed via real-time PCR. 
CIS, cisplatin; EME, emetine. a Indicates significant changes compared to the untreated controls. Quantification was performed in duplicate and repeated four times, resented data are means ± SEM of 8 quantifications.
-
As suggested by Watanabe et al (12) , emetine induces apoptosis via the mitochondrial pathway. We could confirm this finding, showing that the deficiency in caspase-8 did not influence cell death in emetine-treated cells, whereas the over-expression of the anti-apoptotic protein, bcl-2, which plays a major role in mitochondria-mediated apoptosis pathways clearly leads to an increase in viability.
Corresponding facts are known for the alkylating cytostatic, cisplatin (31) . However, the mechanisms by which both substances induce apoptosis are different. This becomes obvious not only by comparing the cell cycle distributions (Fig. 3A) but also by analyzing the gene expression patterns. Considering the cell cycle distribution, treatment with cisplatin and emetine had different consequences. Cisplatin treatment lead to a loss in G1 phase cells and an increase in M phase and G2 phase cells. In emetine-treated cells, the single or combination treatment with cisplatin lead to a cell cycle distribution which was very similar to the untreated control cells. It should be noted, that the combination of emetine and cisplatin did not cause the typical change in cell cycle distribution induced by cisplatin alone. Analyzing the gene expression patterns, it was remarkable that caspase-8, the caspase that is not required for apoptosis induction either by emetine or by cisplatin, was the only caspase that was upregulated in the cisplatin-, emetine-, as well as the combination-treated cells.
In general, regarding the differential gene expression patterns 24 h after incubation with the cytotoxic substances, the correspondence between genes regulated by cisplatin and emetine was very low, supporting our suggestion that both substances activate different pathways. However, more detailed studies are essential in order to reveal the pathways that contribute to apoptosis induction in human tumor cells after incubation with both cisplatin and emetine.
In conclusion, our results indicate that emetine is a powerful inducer of apoptosis in human leukemia cells similar to the well established substance, cisplatin. With the concentrations used, the onset of apoptosis was earlier in those cells that were treated with emetine compared to the treatment with cisplatin. The combined treatment of cells with cisplatin and emetine enhanced apoptosis in a rather additive but synergistic fashion, cytotoxicity was not significantly influenced.
Whether or not emetine would be able to overcome drug resistance in leukemia cells remains to be shown, since resistance to bcl-2 over-expression was not effected by cotreatment.
Nevertheless, further analysis of emetine as a potential anti-cancer agent in leukemia, especially in combination with another cytostatic drug remains a promising topic for further studies.
